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Abstract 1 
A layered CdS/ZnS catalyst film was synthesized on glass using the stepped chemical bath 2 
deposition method. The film catalyst was shown as visible light-driven photocatalyst 3 
capable of producing H2 under visible light. The ZnS outer layer helped suppress the 4 
recombination of photo-generated electron-hole pairs on the CdS base layer, leading to 5 
faster H2 generation. The use of the ZnS layer also greatly improved the stability of the 6 
catalyst film and prevented the leaching of Cd2+ from the CdS layer. Deposition of Ru on 7 
the catalyst film further increased its photoreactivity for H2 production. The photocatalyst 8 
was effective in H2 production together with the degradation of model organic substances, 9 
such as formic acid, methanol, and ethanol. The greatest H2 production rates were achieved 10 
 2 
using the CdS/ZnS/Ru film in the formic acid solution at 123 µmol/m2-h under visible light 11 
and 135 mmol/m2-h under the simulated solar light. The corresponding theoretical reduction 12 
rates of chemical oxygen demand (COD) were 1.9 and 2.1 g/m2-h, respectively. As the 13 
multilayer CdS/ZnS/Ru film catalyst can be easily separated from water, it has a great 14 
potential for simultaneous photocatalytic hydrogen generation and organic wastewater 15 
treatment using solar energy. 16 
 17 
Keywords: CdS-ZnS, hydrogen generation, organic degradation, photolysis, photocatalyst 18 
film, solar energy.  19 
  20 
1. Introduction 21 
Hydrogen is one of the most promising forms of clean and renewable energy. 22 
Photocatalytic hydrogen generation from water is an attractive and environmentally friendly 23 
method to harvest solar energy [1, 2]. However, while visible light (λ>420 nm) covers a large 24 
portion of the solar spectrum, most photocatalysts, such as TiO2, function only under 25 
energy-intensive ultraviolet (UV) irradiation. Efforts have been made in recent years to 26 
develop photocatalysts, such as metal oxides (e.g. ZnO) and metal sulfides (e.g. CdS), that 27 
respond to both UV and visible lights for water photolysis [3]. However, most photocatalysts 28 
are still hampered by typical problems such as the recombination of photo-generated 29 
electron-hole pairs [4] and low stability of the catalysts due to photo-corrosion [5-7]. 30 
In addition to hydrogen evolution (H+ reduction), photocatalytic reactions in water 31 
possess a strong oxidation power that may be utilized for pollutant degradation [8, 9]. 32 
During the photocatalytic process under solar light, pollutants such as sulfide and organic 33 
matters[3, 10], including alcohols [11-15] and organic acids [6, 15, 16], can function as 34 
electron donors for hydrogen evolution, while the pollutants are degraded. In such a 35 
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photocatalytic application, the purposes of both hydrogen generation and wastewater 36 
treatment using solar energy can be achieved [6, 9]. 37 
Most visible light-driven photocatalysts are produced and applied in a powder form. 38 
However, for potential application in wastewater treatment, an easy separation of the 39 
photocatalysts from the treated effluent is required. Hence, there are efforts made to 40 
immobilize photocatalysts in solid carriers to eliminate the need for separation in the 41 
treatment process [17-20]. However, few studies have been conducted on the use of 42 
film-type catalysts for photocatalytic hydrogen production together with organic pollutant 43 
degradation [21-23]. In our previous study, composite CdS/ZnS nanoparticles were 44 
synthesized as a visible light-driven photocatalyst for H2 production [24]. The present work 45 
aims to develop a multilayer film-type CdS/ZnS catalyst that can achieve both photocatalytic 46 
H2 production and organic degradation under the simulated solar light or visible light. 47 
 48 
2. Materials and Methods 49 
2.1 Preparation of the CdS/ZnS thin film catalysts 50 
Microscopic glass slides were used as the base material for the deposition of the 51 
CdS/ZnS catalyst films. The catalyst was deposited on both sides of a slide with a 52 
dimension of 2.5 × 5.5 cm2. The glass slides were cleaned thoroughly with detergent, 53 
degreased with ethanol in an ultrasonic cleaner, and then etched in 4% HNO3 solution. The 54 
chemical bath deposition (CBD) process was used to deposit the catalyst material on the 55 
glass surface. The CdS coating solution was prepared using an aqueous solution of 0.005 M 56 
Cd(NO3)2 in a 0.005 M NH4NO3 buffer mixed with 0.06 M thiourea (SC(NH2)2). The pH of 57 
the coating solution was adjusted to 8.5-9.5 using 25% NH4OH. During the deposition 58 
process, the glass slides were immersed in the coating solution in a beaker, which was then 59 
placed in a water bath heated to 50 °C. The CBD process lasted for 30 min to allow CdS 60 
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deposition. The CdS film on the glass was then annealed at 450 ˚C for 1 h in a furnace (LHT 61 
02/16 LBR, Nabertherm) supplied with pure nitrogen. 62 
The outer ZnS layer was coated following the same CBD procedures. The ZnS coating 63 
solution was prepared in an aqueous solution of 0.04 M Zn(NO3)2 with was chelated with 64 
0.04×2/3 tri-sodium critate (Na3C6H5O7) mixed with 0.06 M thiourea, and the solution pH 65 
was adjusted to 10 [25]. The glass slides with the CdS film were immersed in the solution 66 
for ZnS deposition in a water bath at 50 °C for different CBD periods (1, 2, and 3 h). 67 
Accordingly, the catalyst films were denoted as CdS/ZnS-1h, CdS/ZnS-2h, and CdS/ZnS-3h 68 
for the different ZnS coating periods. The glass slides coated with the catalyst film were 69 
then annealed at 450 ˚C for 1 h. The amount of CdS/ZnS coated on the slide surface was 70 
calculated by the weight increase after the catalyst coating. 71 
Ruthenium (Ru) was deposited on the surface of the catalyst film by in-situ 72 
photodeposition in a 10% (vol) acetic acid (CH3COOH) solution of RuCl3 (Aldrich). The 73 
photodeposition was conducted by illuminating (λ>420 nm, 300 W Xe lamp) the CdS/ZnS 74 
film for 20 min in 150 mL of the coating solution with a Ru concentration of 53.5 mg/L. For 75 
CdS/ZnS-2h, the catalyst layer on the slide weighed about 800 mg. According to the 76 
concentration measurement, nearly all Ru3+ in the solution (8.025 mg) deposited on the 77 
slide after the photodepostion. Thus, the resulting Ru deposition density was approximately 78 
1.0 wt% (i.e. ~8 mg vs. ~800 mg) of the catalyst coating layer of CdS/ZnS-2h. The catalyst 79 
film with Ru deposition was denoted as CdS/ZnS/Ru. 80 
 81 
2.2 Characterization of the film photocatalysts 82 
The amount (mass) of the film catalyst that was coated on a glass slide was determined 83 
from the weight increase after each step of the chemical deposition. The crystalline phase 84 
and structural features of the catalysts were analyzed using an X-ray diffraction (XRD) 85 
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system (D8 Advance, Burker AXS) with Cu Kα irradiation from 10-90 degrees. The diffuse 86 
reflection spectrum (DRS) of the catalyst film was obtained using a UV-vis 87 
spectrophotometer (Lambda 25, Perkin Elmer) that was converted from the reflection 88 
function to the absorbance function following the Kubelka-Munk method [26]. The 89 
morphology of the thin catalyst film was examined under a scanning electron microscope 90 
(SEM, Hitachi S-4800 FEG), and the thickness of the catalyst film on the glass surface was 91 
measured using an atomic force microscope (AFM, BioMAT™ Workstation).  92 
 93 
2.3  Photocatalytic H2 production with different model organic pollutants under 94 
visible light 95 
The photocatalytic hydrogen production experiments were conducted in a cylindrical 96 
photo cell made of optical glass. A 300 W Xe lamp setup (PLS-SXE Xe light source, 97 
Trustech) was used as the light source with a cutoff filter (λ < 420 nm) installed to provide 98 
visible light (denoted by Vis, light intensity ~ 70 mW/cm2) and without a cutoff filter to 99 
simulate the solar light (denoted by Solar, light intensity ~ 86 mW/cm2). Two pieces of the 100 
glass slides with the catalyst film were placed next to each other in the photo cell filled with 101 
150 mL of water or an organic solution. The light was applied from the top of the photo cell 102 
on a total catalyst film area of 27.5 cm2. Different model organic pollutants (formic acid, 103 
methanol, and ethanol) were tested for the photocatalytic H2 production and organic 104 
degradation experiments. The solution had an organic content of 10% by volume and was 105 
kept at pH~7. The gas produced during the photo-tests was collected, and its hydrogen and 106 
carbon dioxide contents were determined using a gas chromatograph (HP5890 Series II, 107 
Hewlett Packard). Each run of the photo-test lasted approximately 4 h. The reactivity of the 108 
photocatalyst in different solutions was evaluated in terms of the specific hydrogen 109 
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production rate (R) and energy conversion efficiency (η), as determined by the following 110 
equations: 111 
tA
m
R HA 2= , or           (1) 112 
tW
m
R Hw 2= , and           (2) 113 
I
HR C∆=η
,
            (3)  114 
where RA and Rw are the area-based and weight-based specific H2 production rates, 115 
respectively, mH2 is the moles of the H2 produced, t is the duration of the photoreaction, A is 116 
the irradiation area (27.5 cm2), W is the amount (weight) of the catalyst in the photocell for 117 
H2 generation, ΔHc is the combustion value of H2 (286 kJ/mol), and I is the light density. The 118 
photocatalytic H2 generation test was repeated 10 times for each catalyst film under an 119 
experimental condition to evaluate the reproducibility of the experiment and the stability of 120 
the film catalyst. In addition, the amount of Cd2+ leaching into the water during the 121 
photocatalytic experiments was measured using an atomic absorption spectrometer (AAnalyst 122 
300, Perkin Elmer).
 
123 
 124 
3 Results and Discussion 125 
3.1  Synthesis and optimization of the double-layer film catalysts 126 
The coating solution’s pH was found to control the rate of CdS deposition and the 127 
quality of the coating layer on glass (Fig. 1). The rate of CdS deposition generally increased 128 
as pH increased. As shown by the SEM images, the deposition was slow at pH 8.5 and the 129 
surface coating was not completed in 30 min. At pH 9.0, the CdS deposition film was not 130 
uniformly distributed on the glass and the coating quality was unsatisfactory. At pH 9.5, the 131 
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coating quality greatly improved and a smooth and uniform deposition layer was obtained 132 
with a thickness of approximately 150 nm, according to the AFM measurement. 133 
During the coating process, the precursor reaction on the substrate surface leads to 134 
heterogeneous precipitation and the resulting film formation on the base substrate. The 135 
precipitation of CdS on the glass surface, or )(22 sCdSSCd ⇔+ −+ , was controlled by the 136 
concentrations of free Cd2+ and S2- in the coating solution. In this study, NH3 was chosen as 137 
the complexing agent for Cd2+, which released a small amount of Cd2+ according to the 138 
complexion dissociation, i.e. ( )[ ] 3223 nNHCdNHCd n +⇔ ++ . The NH3 concentration was 139 
related to pH and its equilibrium constant ( 51079.1
23
−
⋅ ×=OHNHK ). Meanwhile, the free S
2- 140 
released from hydrolysis of thiourea was also controlled by the solution pH, according to 141 
( ) OHHCNSHOHNHSC 22222 ++⇔+ −−  and OHSOHSH 22 +⇔+ −−− . At pH 8.5, the 142 
hydrolysis of thiourea was slow, which hindered the deposition of CdS on the glass [27]. 143 
When the pH was increased to 9.0, the hydrolysis of thiourea became faster. However, due 144 
to the low NH3 level (0.0027 M based on its equilibrium constant), a high concentration of 145 
free Cd2+ resulted in a rapid CdS precipitation on the glass surface and in the bulk solution. 146 
This facilitated a cluster-by-cluster deposition to form a thick and non-uniform coating layer 147 
on the glass surface. The coating layer was loose and could easily peel from the surface. At 148 
pH 9.5, a smooth and uniform CdS film was formed on the glass with adequate NH3 149 
(0.0088 M) chelating Cd2+ and sufficient hydrolysis of thiourea. The film growth rate and 150 
thickness were moderate, for which the heterogeneous ‘ion by ion’ deposition was expected 151 
at the surface with a low potential of film cracking [28].Thus, pH 9.5 was chosen for the 152 
deposition of the inner CdS layer.  153 
The ZnS layer was deposited by the similar chelating system at pH 10 to form a 154 
condensed film [25]. The ZnS growth rate was controlled by the deposition temperature. 155 
The morphology of ZnS and CdS layers and their interface was examined by SEM (Fig. S3, 156 
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Supporting Material). At a low temperature of 40 ˚C, the ZnS deposited on the CdS surface 157 
was thin, uneven and loose, which could easily fall off from the surface. At a high 158 
temperature of 60 ˚C, the ZnS film was thick and the interface was loose. At 50 ˚C, the best 159 
film deposition quality could be achieved with a compact ZnS layer and its firm adhesion to 160 
the inner CdS layer. 161 
The outer ZnS layer was found to affect the photo-reactivity of the CdS/ZnS film 162 
catalyst. For photocatalytic H2 production with formic acid as the model organic, hydrogen 163 
was produced by the single layer CdS film, and no hydrogen was produced by the single 164 
ZnS layer under the visible light and simulated solar light (Fig. 2). Deposition of ZnS on the 165 
CdS layer did not reduce its H2 production activity. On the contrary, the ZnS outer layer 166 
significantly increased the H2 production rate of the photocatalyst film. With the ZnS 167 
coating for 2 h, the double-layer film catalyst CdS/ZnS-2h achieved the highest H2 168 
production rate of 31.2 µmol/h under visible light and 45.9 µmol/h under the solar light, 169 
which is three times of that obtained with the single-layer CdS film. However, further 170 
increasing the ZnS coating period to 3 h resulted in no additional increase of the H2 171 
production rate. 172 
 173 
3.2  Characterization of the double-layer CdS/ZnS thin film photocatalyst 174 
The inner CdS and outer ZnS layers can be well identified on the glass slides (Fig. 3). 175 
The base CdS formed a dense layer on the glass with an average thickness of about 150 nm 176 
as measured by the AFM. The outer layer of CdS/ZnS-2h had an average thickness of 125 177 
nm consisting of fine ZnS particles. The XRD analysis indicated different crystal phases of 178 
the CdS/ZnS film catalyst (Fig. 4). For instance, three XRD peaks at scattering angles (2θ) 179 
of 26.5°, 43.8°, and 52.0° could be indexed to the diffractions of the cubic CdS crystal 180 
lattice (JCPDS Card No. 75-1546), of which the peaks at 26.5° and 52.0° are associated 181 
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with only the cubic phase. The XRD peak at 36.5° is associated with only the hexagonal 182 
CdS phase. ZnS crystalline phase appears at 2θ = 28.7º, 48.4º, and 56.4º, which are close to 183 
the values reported for cubic ZnS (JCPDS card No. 5-0566).  184 
The diffuse reflection spectra of the single-layer CdS and ZnS films and the 185 
double-layer CdS/ZnS film displayed the photo-sensitivity of the catalyst films (Fig. 5). As 186 
expected, single-layer ZnS did not responded to visible light. CdS responded well to visible 187 
light with a narrow band-gap of 2.23 eV determined from the absorbance edge in Fig. 5. For 188 
the double-layer CdS/ZnS film, its absorbance increased greatly in the low wavelength range 189 
of visible light in comparison to the single ZnS layer. The ZnS coating on the CdS film also 190 
resulted in a slight blue shift of the absorbance edge compared to the single-layer CdS film. 191 
The double-layer CdS/ZnS film had a band-gap of 2.45 eV, suggesting a similar response as 192 
the CdS film to visible light.   193 
While CdS responses to visible light, ZnS adsorbs only UV irradiation. However, when 194 
ZnS was deposited on CdS to form a composite CdS/ZnS thin film, the reactivity of the 195 
photocatalyst increased clearly as suggested by the photo-test results. There is an apparent 196 
synergistic effect between the two catalyst materials for the photocatalytic process. The use 197 
of the more photoreactive CdS layer ensured the reactivity and efficiency of the catalyst film 198 
under visible light [24]. Moreover, the sensitive CdS would function as a photo-sensitizer to 199 
induce the excitation of ZnS that was in direct contact with CdS. The higher conduction band 200 
and lower valence band of ZnS demonstrate the heterojunction of ZnS/CdS. In this case, this 201 
heterojunction can establish fast transport channels along with efficient eh separation and 202 
effectively suppress the electron loss at the CdS surface. As shown in Fig. S1 203 
(Supplementary Material), the electron flow through the heterojunction between CdS and 204 
ZnS is important to the effective electron-hole separation. Similar photoelectrical 205 
mechanisms have been identified for quantum-dot sensitized solar cells [29, 30]. Under solar 206 
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light, the excited electron of ZnS outer layer injected in to the CB of CdS increased the 207 
electron flow to the surface and helped suppress the recombination of electron-hole pairs 208 
formed in the CdS inner layer, making the electrons more available for H2 evolution as 209 
show in Fig. S1 [14, 15].  210 
The use of the outer ZnS layer also improved the stability of the CdS-based 211 
photocatalyst under either the visible light or simulated solar light. After 10 runs of the 212 
photo-H2 tests, the composite double-layer catalyst retained 90% of its H2-producing 213 
capability under visible light, while the single-layer CdS film retained only 52% of its 214 
reactivity for H2 production (Fig. 6A). A similar comparison of the test results was also 215 
observed under the solar light between the photocatalyst films with and without the ZnS 216 
layer (Fig. 6B).  217 
The ZnS outer layer also prevented the leaching of Cd2+ from the catalyst film during 218 
the photocatalytic process. Between test runs 2 and 5, the CdS/ZnS-2h catalyst had an 219 
average Cd2+ leaching rate of 24.7 µg/h under visible light, while the single-layer CdS film 220 
had a Cd2+ leaching rate of 73.7 µg/h (Fig. 6A). Between runs 6 and 10, the leaching of 221 
Cd2+ from CdS/ZnS-2h diminished to a rate of 1.2 µg/h compared to the CdS film with a 222 
Cd2+ leaching rate of 24.3 µg/h. The similar results were obtained with the same catalyst 223 
films under solar light (Fig. 6B). Use of the outer ZnS layer physically separated CdS from 224 
the reaction medium to protect the more reactive CdS layer against photo-corrosion.  225 
The adhesion and stability of the coating films are of extremely importance to the 226 
performance of the film catalyst. The quality of the catalyst films was regularly assessed by 227 
manual examination and visual and SEM observations during the synthesis process and the 228 
photocatalytic hydrogen production tests. After a number of test runs, the aqueous solution 229 
remained clean and clear, and the SEM images also showed the compact morphology of the 230 
films (Fig. S2, Supporting Material). There was no sign of the films peeling off from the slide 231 
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surface. The thickness and roughness of the films before and after the hydrogen production 232 
tests were also detected by the AFM, and the results presented in Table S1 (Supporting 233 
Material) show little changes of the photocatalyst films (the thickness remained at ~150 nm 234 
with a roughness of ~13 nm). As reported in Fig. 6, after 10 runs of the photo-H2 tests, the 235 
composite catalyst film retained 90% of its H2-producing capability under visible light. All of 236 
these indicate the good quality and stability of the catalyst films deposited on the glass slides.  237 
 238 
3.3  Hydrogen production with simultaneous organic degradation 239 
The CdS/ZnS film catalyst was capable of both photocatalytic H2 production and 240 
organic degradation under visible light and solar light (Fig. 7A). The H2 production rate 241 
increased for the model organic pollutants in an order of ethanol, methanol, and formic acid. 242 
For the photocatalyst films in pure water, no hydrogen was produced in the absence of the 243 
model organics even under the solar light. The photocatalyst was apparently unable to split 244 
water to produce hydrogen under visible light or solar light. However, the presence of 245 
organic matters enabled the photocatalyst to produce hydrogen from water. The model 246 
organic pollutants function as electron donors for the reduction of H+ ions, giving rise to H2 247 
evolution. 248 
Moreover, the Ru deposition on the catalyst surface resulted in a 10-fold increase in H2 249 
production rate. As Ru possesses a lower Fermi energy level than CdS/ZnS [31], it would 250 
function as an electron collector at the surface of the CdS/ZnS film for the electrochemical 251 
process. The photo-excited electrons could readily transfer from the photocatalyst to the Ru 252 
sites on the catalyst surface. Such an electron collection would facilitate the electron transfer 253 
from CdS/ZnS to H+ ions in the aqueous solution for H2 evolution. In other words, Ru 254 
deposition on the CdS/ZnS surface helps the charge separation on the catalyst, resulting in 255 
improved H2 generation [32]. 256 
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The highest H2 production rate under visible light was achieved at 123 mmol/m2-h 257 
with the CdS/ZnS/Ru film in formic acid, with an energy conversion efficiency of 1.41%. 258 
The highest H2 production rate under the simulated solar light was 135 mmol/m2-h in 259 
formic acid, with an energy conversion efficiency of 1.26%. In relation to H+ reduction for 260 
H2 production, the corresponding organic degradation in terms of the chemical oxygen 261 
demand (COD) removal may be estimated using the following formula: 262 
2
22 OH
Mm
removalCOD =
        
(4) 263 
where MO2 is the molar mass of O2 (32 g/mol). The theoretical photocatalytic COD reduction 264 
rates for formic acid by the CdS/ZnS/Ru film were 5.4 mg/h in visible light and 6.0 mg/h in 265 
solar light (Fig. 7B), corresponding to area-based-specific rates of 1.9 and 2.1 g COD/m2-h, 266 
respectively. Degradation of formic acid resulted in CO2 production. During the 267 
photocatalytic test, CO2 was generated at a rate of 73 mmol/m2-h in the gaseous phase, which 268 
agrees well with the theoretical COD reduction rate of formic acid. The molar ratio of H2 to 269 
CO2 produced was approximately 1:1, suggesting a complete decomposition of formic acid. It 270 
is believed that formic acid (E0CO2/HCOOH = -0.126 V) functioned as an electron donor to trap 271 
photo-generated holes on the valence band of CdS/ZnS [33], resulting in the organic 272 
decomposition and CO2 production.  273 
The hydrogen production rates in the methanol and ethanol solutions under visible light 274 
were 104 and 92 mmol/m2-h, respectively, which are higher than that reported by Daskalaki 275 
et al. [34] for the Pt/CdS/TiO2 film catalyst. Hydrogen production from 10% ethanol 276 
achieved an energy conversion efficiency of 1.04% in visible light, which is also higher 277 
than the efficiency reported by [35] for the Pt/TiO2 film catalyst in 80% ethanol under UV 278 
irradiation. Nonetheless, CO2 production was not detected during the photocatalytic H2 279 
generation in both methanol and ethanol solutions. It is apparent that the photocatalytic 280 
reactions resulted in organic destruction and intermediate formation other than complete 281 
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organic mineralization [14, 36]. When the CdS/ZnS film catalyst was excited in visible light, 282 
the photo-generated holes would attack methanol and ethanol to produce methanal and 283 
ethanal, respectively, according to the following reactions [14, 37]: 284 
++ +→+ HHCHOhOHCH3 ; 285 
++ +→+ HCHOCHhOHCHCH 323 . 286 
The composite CdS/ZnS double-layer film structure exhibited a synergetic function of 287 
the catalyst materials for photocatalytic H2 generation and organic degradation. Moreover, 288 
as described previously, film-type photocatalysts can be easily separated from water or 289 
solutions for repeated use. This property is particularly important in wastewater treatment 290 
applications. The catalyst film also allows better light penetration compared with the 291 
suspension of catalyst powders [38]. The CdS/ZnS/Ru film catalyst had a 292 
weight-based-specific H2 production rate of up to 8.5 mmol/g-h for visible light irradiation, 293 
which was higher than that of the CdS/ZnS/Ru catalyst powders. This implies that the 294 
photocatalyst film is as good as catalyst powders in utilizing visible light or solar light for 295 
H2 production. Together with its immobilized feature, the multilayer CdS/ZnS/Ru film 296 
catalyst demonstrates a great more potential for simultaneous photocatalytic H2 production 297 
and wastewater organic degradation. 298 
 299 
4 Conclusions 300 
• The double-layer CdS/ZnS film catalyst was synthesized by chemical bath deposition 301 
for photocatalytic H2 production under visible light. The ZnS outer layer helps suppress 302 
the recombination of photo-generated electron-hole pairs on the more photosensitive 303 
CdS base layer, leading to a faster H2 production rate. Moreover, compared with the 304 
single-layer CdS film, the use of ZnS in the double-layer CdS/ZnS film greatly 305 
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improved the stability of the catalyst and prevented the leaching of Cd2+ from the 306 
catalyst film. 307 
• The visible light-driven photocatalyst was capable of both producing hydrogen and 308 
degrading model organic pollutants (formic acid, methanol, and ethanol). The 309 
CdS/ZnS/Ru film had an H2 production rate of 123 mmol/m2-h in the formic acid 310 
solution with an energy conversion efficiency of 1.41%. In relation to H2 production, the 311 
theoretical COD reduction rate for formic acid was 1.9 g COD/m2-h by the catalyst film 312 
under visible light. 313 
• As the multilayer CdS/ZnS/Ru catalyst film is well immobilized and can be easily 314 
separated from water, it presents a great potential in both photocatalytic H2 generation 315 
and organic wastewater treatment using solar energy. 316 
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Figure captions: 432 
Fig. 1. SEM micrographs of the CdS catalyst film deposited at (A) pH = 8.5, (B) pH = 9.0, 433 
and (C) pH = 9.5 (left: cross-section; right: surface). 434 
Fig. 2. Photocatalytic H2 production under visible light or simulated solar light by the 435 
catalyst films with different amounts of ZnS deposition. (ZnS-1h, ZnS-2h, and 436 
ZnS-3h specify the duration (1, 2, and 3 h) of ZnS deposition on the catalyst films) 437 
Fig. 3. SEM images of the double-layer CdS/ZnS thin film on glass (top: cross-section; 438 
bottom, surface). 439 
Fig. 4. XRD patterns of the CdS and the CdS/ZnS catalyst films (CdS-black square, 440 
ZnS-open square). 441 
Fig. 5. Diffuse reflection spectra of the double-layer CdS/ZnS film and the single-layer CdS 442 
and ZnS films. 443 
Fig. 6. Comparisons between the double-layer CdS/ZnS catalyst film and the single-layer 444 
CdS film in terms of H2 production, the stability of the photocatalytic reactivity, and 445 
the rate of Cd2+ release under (A) visible light and (B) simulated solar light (each 446 
test lasted 4 h).  447 
Fig. 7. (A) Photocatalytic H2 production and (B) the corresponding COD removal rate by 448 
the CdS/ZnS and CdS/ZnS/Ru catalyst films in different organic solutions. 449 
  
 
A 
C 
B 
100 nm 
100 nm 
200 nm 
100 nm 200 nm 
200 nm 
 
 
Fig. 1. SEM micrographs of the CdS catalyst film deposited at (A) pH = 8.5, (B) pH = 9.0, 
and (C) pH = 9.5 (left: cross-section; right: surface). 
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Fig. 2. Photocatalytic H2 production under visible light or simulated solar light by the 
catalyst films with different amounts of ZnS deposition. (ZnS-1h, ZnS-2h, and 
ZnS-3h specify the duration (1, 2, and 3 h) of ZnS deposition on the catalyst films) 
  
 
 
 
 
Fig. 3. SEM images of the double-layer CdS/ZnS thin film on glass (top: cross-section; 
bottom, surface). 
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Fig. 4. XRD patterns of the CdS and the CdS/ZnS catalyst films (CdS-black square, 
ZnS-open square). 
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Fig. 5. Diffuse reflection spectra of the double-layer CdS/ZnS film and the single-layer CdS 
and ZnS films.  
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Fig. 6. Comparisons between the double-layer CdS/ZnS catalyst film and the single-layer 
CdS film in terms of H2 production, the stability of the photocatalytic reactivity, and 
the rate of Cd2+ release under (A) visible light and (B) simulated solar light (each 
test lasted 4 h).  
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Fig. 7. (A) Photocatalytic H2 production and (B) the corresponding COD removal rate by 
the CdS/ZnS and CdS/ZnS/Ru catalyst films in different organic solutions. 
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Fig. S1. Illustration of the synergistic effect of two-layer CdS/ZnS on photo-induced electron 
transfer and the resulting hydrogen evolution and organic degradation. (e- and h+ signify 
photo-induced electron and hole, respectively)   
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Fig. S2. SEM images of the CdS/ZnS thin film coated on the glass slide before (top) and after 
(bottom) the photocatalytic hydrogen production test. 
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Fig. S3. SEM images of the ZnS layer deposited on the surface of the CdS layer on the glass 
at different deposition temperatures (top: 40 ˚C, middle: 50 ˚C, and bottom: 60 ˚C). 
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Table S1. The thickness and roughness of the double-layer CdS/ZnS thin film on glass 
detected by the AFM before and after the photocatalytic hydrogen production tests. 
 
 
 Thickness 
(nm) 
Roughness 
(nm) 
Before photo-test 150±7 12.9±2.1 
After photo-test 148±8 13.3±1.6 
 
 
